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Introduction
Existing methods of measuring fluid levels are based upon capacitance, hydrostatic pressure, visual inspections (e.g., viewing glass in wall of container or manual dipstick immersion into and retrieval from a container), mechanical floats, ultrasonics and fiber optics. The aforementioned methods have been used in many industrial applications for which the specific use of each one is suitable. However, all have limitations when considered for a broad range of use in extreme environments such as cryogenic, acidic, caustic or with high temperature fluids. Electromechanical fluid-level measurement systems such as those that use floats must take into consideration weight and volume of the mechanical system. Visual inspection is not feasible for automatic or autonomous systems. In cases where the fluid vapors should not be released into the atmosphere, visual inspections requiring that the fluid container lid be open are not appropriate.
Ultrasonic methods of measuring fluid levels are non-invasive [1] . All measurements can be discerned external to a container. Ultrasonic methods are not suitable if gas bubbles are in the fluid or the containers do not have surfaces with good acoustic reflections. Furthermore, containers with internal structures such as baffles can scatter acoustic waves [1] . Ultrasonic measurements are not feasible for reservoirs within outer walls such as double hull oil tankers or aircraft nose landing gear. Measurement error can result from acoustic signal variation due to change in the gas/vapor density above the fluid being measured. Highly mechanically damped substances limit the use of these methods.
Fiber optic methods are inherently safe and can be used in combustible liquids because the light propagated through the fiber is modulated to correspond with a liquid level instead of modulating electical voltage [2] [3] [4] [5] [6] . The fibers themselves are not susceptible to electromagnetic interference. However, the support acquisition equipment is susceptible to electromagnetic interference. The fiber optic sensors are not suitable for fluids that leave a film residue (e.g., a viscous fluids or sludge) nor can they be used in caustic fluids, powders, grainular substances or cryogenic fluids.
This paper presents a fluid-level sensor designed as a magnetic field response sensor. Magnetic field response sensors are a class of sensors that are powered via oscillating magnetic fields and when electrically active respond with their own magnetic fields whose attributes are dependent upon the physical properties being measured [7] . Refs. [7] [8] [9] [10] [11] [12] describe a measurement acquisition method for powering and acquiring measurements from magnetic field response sensors. The method is simple to use and has many advantages over other methods currently in use [7] . The fluid level sensor is a passive resonant capacitance-inductance circuit. The circuit capacitor can either be capacitive plates or interdigital electrodes. When the capacitor is immersed in a fluid, its capacitance will change proportional to the area of the capacitor plates (or number of interdigitated electrode pairs) exposed to the fluid. The circuit's resonant frequency is dependent upon the capacitance resulting in a direct correlation between the circuit's resonant frequency and the amount of capacitor exposure to the fluid. Faraday induction via harmonic magnetic fields is used to produce an electromotive force and therefore a current in the circuit [13] [14] . An antenna electrically coupled to an amplitude modulated current produces a time-varying magnetic field used to power the sensor. Once electrically active, the circuit produces its own harmonic magnetic field as the inductor stores and releases magnetic energy. The magnetic field produced by the inductor is received by an antenna. The antenna is not physically connected to the sensor resulting in a method of providing power to the sensor and acquiring the measurement from the sensor without the use of wires or cables. The fluid-level sensor powered and interrogated via the magnetic field response measurement acquisition method is a wireless technique for measuring the level of any fluent substance (e.g., liquid, amorphous substance, grain or powder) for which the electrical dielectric is constant.
The advantage that the wireless fluid-level measurement technique presented herein has over the other methods is that the sensors are electrically passive and do not need physical or electrical connections to a power source or measurement acquisition equipment. Furthermore, the measurement technique used does not necessitate a dedicated measurement channel for each sensor [7] . The sensors can be used in conditions such as caustic environments, acids, high temperatures, cryogenic temperatures and high pressures. Sensors and the supporting measurement acquisition hardware can be lightweight and non-obtrusive. Many components of the method can be integrated with structural components of a system. Results will be presented that demonstrate the use of the sensors on a viscous fluid, liquid nitrogen and other fluent substances. Eliminating wiring for acquiring measurements can alleviate potential hazards associated with wires. Wiring hazards include damaged wires becoming ignition sources due to arcing. Wire damage can result from wire fraying, chemical degradation of wire insulation, wire splaying and wire chaffing (e.g., under a clamp). Many of the aforementioned methods of wire damage have resulted in critical spacecraft launch delays or aircraft fatalities [15] [16] [17] [18] .
The simplest embodiment of a magnetic field response fluid-level sensor is that of two capacitive plates coupled to an inductor [19] . Another embodiment is that of a thin-film sensor having a spiral trace inductor electrically coupled to interdigitated electrodes [8 and 12] . The interrogation method presented in [19] requires close proximity (< 5 cm) to the sensor. This paper presents a method that facilitates interrogation of either of the aforementioned sensors at distances greater than 60 cm using the measurement acquisition method discussed in [7] . Furthermore, methods are presented that show how the sensor design of [19] can be modified for measuring the level of any fluid (including caustic or acidic) that can be stored in a nonconductive reservoir or for measuring any non-conductive fluid.
Following this introduction will be a discussion of the magnetic field response measurement acquisition method used to supply power to the sensors and to acquire the measurement from the sensors. The fluid-level sensor will be presented next. The discussion of the sensor includes a mathematical model of the sensor that can be used to design its range of frequency response and measurement sensitivity. Sensitivity to key design parameters is also presented. Characterization results from using the sensors for a variety substances including liquid nitrogen will be presented. Adapting the sensors for high temperature, caustic, corrosive and cryogenic environments will be presented next followed by a discussion of fluid film residue on the sensor.
Magnetic Field Response Acquisition Method
The acquisition method presented herein is applicable to any passive inductive-capacitive resonant circuit such as the fluid-level sensors discussed in this paper. This section will discuss measurement acquisition for any magnetic field response sensor. A detailed discussion of the method is given in Ref. [7] . The next section will discuss a fluid-level sensor that can be powered and interrogated using the measurement acquisition method presented in this section.
Refs. [19] [20] [21] discuss several methods of inductive-capacitive sensor interrogation. The interrogation method discussed in Ref [19] uses a receiver that consists of an amplifier circuit with an inductor coil connected to the amplifier input and another inductor coil connected to the amplifier output. The coils are wound and are positioned with respect to each other to balance mutual inductance such that feedback between the coils is approximately zero. The balancing objective is to not create a positive input voltage to the amplifier. A voltage is applied to the amplifier thus powering the output inductor. When the fluid-level sensor is placed in proximity to the two coils, its inductor causes the amplifier output inductor to oscillate at the sensor's resonant frequency. The amplifier output inductor will cause the amplifier input inductor to oscillate thus creating a feedback system. The input to the amplifier is then correlated to a value of fluid level. The limitation of this interrogation method is that the prefered separation distance between the sensor and the interrogator is no more than 3.5 cm. Another limitation of the method used in Ref. [19] is that it only interrogates the frequency of the sensor. This is sufficient when only one physical property is to be measured using the same sensor. Should simultaneous measurements of two physical properties using the same sensor be required, it would be necessary to measure response frequency and either response amplitude or bandwidth.
Various interrogations methods are presented in Ref. [21] . One method uses a transmitting antenna coupled to an impedance analyzer. The sensor's magnetic field response creates a change in the frequency spectrum of the transmitted signal. The transmitting antenna's electrical current peaks at the sensor resonant frequency. The change is used to ascertain the physical property being measured. In another method, Ref [21] using a transmission of white noise to power the sensor. A receiving antenna is electromagnetically coupled to the transmission antenna. The receiving antenna receives the transmission antenna signal negated by the sensor response in a manner similar to a dip meter. The last method discussed in [21] is that of broadcasting white noise for a predetermined period of time. The transmission stops and the sensor response is interrogated. In all aforementioned methods, the sensors are within close proximity to the antennae (< 10 cm) used for interrogation. . The interrogation method presented in this paper has produced an interrogation distance of over 3m using two antenna and 1 w of power and 0.6 m using a single antenna power with 0.l w. The measurement system presented in this paper is capable of examining the sensor response amplitude and frequency. Ref. [7] describes how the sensor bandwidth can be inferred. Fig. 1 shows a schematic of the measurement acquisition method for magnetic field response sensors using a single antenna and multiple magnetic field response sensors. The components of the measurement system are an antenna for transmitting and receiving magnetic field energy; a processor for regulating the RF transmission and reception; software for control of the antenna and for analyzing the signals received; and, magnetic field response sensors. The processor modulates the input signal to the antenna to produce either a broadband time-varying magnetic field or a single harmonic magetic field. The variable magnetic field creates an electrical current in the passive inductor-capacitor circuits as a result of Faraday induction. The circuits will electrically oscillate at resonant electrical frequencies that are dependent upon the capacitance and inductance of each circuit. The oscillation occurs as the energy is harmonically transferred between the inductor (as magnetic energy) and capacitor (as electrical energy). When the energy is in the inductors, the magnetic fields produced are single harmonic radio frequencies whose frequencies are the respective circuits resonant frequencies. The antenna is also used to receive the harmonic magnetic responses produced by the inductors of the circuits. The receiving antenna can be the same antenna used to produce the initial broadcast of energy received by the circuit or another antenna can be used. When the same antenna is used, it must be switched from a transmitting antenna to a receiving antennna. A simple microprocessor can be used to identify the frequencies of the signals received by the antenna. The measured frequencies are then correlated to measurement of physical states.
The interrogation method is that of a "transmit-receive-compare" technique [7] . A single harmonic is transmitted from the transmission antenna. The sensor is electrically excited thus causing its inductor to produce a magnetic harmonic. A receiving antenna receives the sensors magnetic field response. The response amplitude and frequency are stored. The current amplitude is then compared to the previous one. Each sensor has a dedicated range of frequencies (measurement bands). A single antenna sweep covers measurement bands for all sensors. A sweep is a series of increasing magnetic field harmonics. Sensor measurement bands and the sampling resolution for n sensors are shown in Fig. 2 for successive frequency sweeps. Each sensor has a frequency resolution (Δω) that corresponds to a measurement resolution of the physical property. The sweep of individual frequencies is used because it concentrates all energy used to excite the sensor at a single frequency producing a high signal-to-noise ratio. The upper graphic in Fig. 2 depicts the sensor response amplitude as the excitation frequency approaches the sensor resonant frequency.
Separate transmission and receiving antennae can be used or a single switching antenna can be used. Using two antennae provides a larger volumetric swath at which measurements can be taken that is approximately double that of a single antenna. The interrogation procedure is as follows:
1. At the lower limit of a predetermined range, a magnetic field harmonic is transmitted for a predetermined length of time and then the transmission mode is switched off (i.e., the transmission antenna is turned off if two antennae are used or if a single antenna is used, it ceases transmission).
2. The receiving mode is then turned on (i.e., the receiving antenna is turned on if two antennae are used or if a single antenna is used, it begins receiving). The received response from the sensor is rectified to determine its amplitude. The amplitude, A i (t), and frequency, ω i (t), are stored in memory.
3. The receiving mode is turned off and the transmission mode is turned on. The transmitted magnetic field harmonic is then shifted by a predetermined amount (i.e., based upon sensor frequency resolution). The harmonic is transmitted for a predetermined length of time and then the transmission mode is turned off.
4. The receiving mode is then turned on. The received response from the sensor is rectified to determine it amplitude. The amplitude, A i , and frequency, ω i , are stored in memory.
5. The current amplitude, A i, is compared to the two previously stored amplitudes, A i-1 and A i-2 . If the previous amplitude, A i-1 , is greater than the current amplitude, A i , and if the previous amplitude is greater than amplitude prior to it, A i-2 , the previous amplitude, A i-1 , is the peak amplitude. The peak amplitude occurs when the excitation harmonic is equal to the resonant frequency of the sensor. The amplitude, A i-1 , and the corresponding frequency, ω i-1 , are cataloged for the sensor for the current frequency sweep. These values can be compared to the values aquired during the next sweep. If an amplitude peak has not been identified, then steps 3 and 4 are repeated.
6. If amplitude peak has been identified, the harmonic sweep continues to the next sensor.
Basically, the objective of the aforementioned method is to identify the inflection point of the each sensor's magnetic field response amplitude. The frequency at which the amplitude peak occurs is the resonant frequency. Once peak amplitude has been detected, the peak amplitude and frequency are stored and then the next partition is examined. After the last partition is examined, a new sweep is started. The initial frequency sweep can be used to identify and catalog all resonant amplitudes and frequencies associated with all sensors within the antenna's spatial and spectral range of interrogation. The spatial range of interrogation is discussed in Refs. [9] and [12] . The sweep duration must less than half the Nyquist period of the measured physical state with the highest frequency. For example, if one sensor is measuring vibrations of less than 30 Hz and other measured states have rates of change less than 30 Hz, then the sweeps must be done at a rate of 60 Hz or greater. The cataloged amplitudes and resonant frequencies for all sensors can be used to reduce the sweep time for successive sweeps. The next sweep to update each resonant frequency can start and end at a predetermined proximity (i.e., narrowing the measurement range) to the cataloged resonant and then skip to the next resonant ( Fig. 2) . Narrowing subsequent sweep bands could be used as a means of increasing the sweep rate. Not all measurement bands need to be interrogated for successive sweeps. If a physical state does not change rapidly or is somewhat quasi-static, it may not be necessary to collect its measurement at each sweep. In Fig. 2 , only three sensors are interrogated for the ith sweep.
Dynamic measurements can also be produced by comparing variation in frequencies and amplitudes of the current sweep with those of the prior sweeps. An example is that of a sensor having fixed inductance and capacitance (i.e., frequency will remain constant) moving with respect to a stationary antenna. As the sensor moves with respect to the antenna, the amplitudes for successive sweeps will be different. (e.g., sensor is placed on a moving object like a rotating wheel). The change in circuit position and rate of position change can be determined by comparing the amplitudes (A n ) variations of successive sweeps (as shown by the third last sensor in Fig. 2 ). The magnitude and sign of the difference can be used to determine how fast the sensor is moving and whether the sensor is moving toward the antenna or away from the antenna. Another example would be that of a magnetic field response fluid-level sensor in a reservoir that is being filled. The rate that the reservoir is being filled can be determined by comparing the frequencies of successive sweeps.
The sensor responses are superimposed. The sensors are designed (Fig. 2) such that their range of measurement frequencies do not overlap but the ranges are within a frequency spectrum of the antenna. The range of resonant frequencies for each sensor corresponds to physical property values that can be measured. An example would be that the lower frequency in the measurement band, ω i (p) , would correspond to the lower limit of a strain measurement. This method allows for multiple sensors within the spatial and spectral range of the antennae to be interrogated. It should be noted that the discrete frequencies need not be evenly spaced in any measurement band. The higher the number of discrete frequencies within a band, the higher sensor resolution.
The acquisition method provides a means for powering passive inductive-capacitive sensors and acquiring measurements from them without having a physical connection to a power source or to acquisition hardware. Multiple sensors can be interrogated using a single data acquisition channel when a switching transmitting/receiving antenna used. Inductors, antennae and some capacitor types can be designed as thin metallic foils or thin deposited metallic films. No lineof-sight is required between antenna and sensors. Many designs of magnetic field response sensors can be embedded in non-conductive material. For conducting material, the capacitive element can be embedded and the inductive element can be placed away from the surface of the conductive material. No specific orientation of the sensor with respect the antenna is required except that they cannot be 90 deg to each other.
Because the sensors do not need a physical connection to a power source or data acquisition equipment, they are easy to implement into existing vehicles, structures or other existing systems. All that is required to add a new measurement is to have the sensor within the interrogation antenna(s)' magnetic field. No wiring is required. Each sensor must have a dedicated frequency partition of the antenna spectrum. The interrogation system must have for each sensor, a table that correlates one or more magnetic field response attributes with a one or more physical states being measured.
A hand-held version of the interrogation system using the acquisition method discussed in this section is the magnetic field response recorder shown in Fig. 3 . The programmable recorder is designed to be simple to use and is capable of powering and acquiring measurements from any magnetic field response sensor. It can acquire and interpret measurements that correspond to either the magnetic field response sensor's amplitude, frequency and/or bandwidth. Each sensor's resonant response frequency and amplitude are displayed. The amplitude is dependent upon distance at which the sensor is interrogated [7] . The recorder can be programmed to display the physical value of the measurement. The magnetic field response recorder has an internal antenna, connector for external antenna and an analog output. Results of using the recorder will be presented later in this paper.
Method of Acquiring Fluid-Level Measurements
A magnetic response fluid-level sensor requires two components electrically connected. The first component is that of a capacitor whose electric field can be variably exposed to a fluid. The second component is an inductor that stores and releases magnetic energy at a harmonic rate being that of the resonant frequency of the circuit formed by the inductor and capacitor. For simplicity of discussion, a fluid-level sensor consisting of two parallel electroplates electrically connected to a lamina spiral inductor will be used to describe the method of measuring fluid level. Fig. 4 shows the sensor with key geometric parameters annotated. Although a lamina spiral is shown, other inductor designs can be used. The direction of electric field is shown also. Fig. 4 depicts a sensor completely immersed in two non-mixing stratified dielectric substances. A substance (e.g., a fluid) of dielectric constant, 2 κ , fills the lower portion of the gap between the electric plates to level z . The remaining portion of the gap is filled with a substance of dielectric constant, 1 κ . When air is the substance in the upper portion of the capacitor,
The density of 2 κ is far greater than that of 1 κ and 1 2 κ κ >> . The capacitance, ) (z C , is dependent upon the dielectric interface level, z , and is the summed capacitance due to contributions from both dielectric substances. When the upper dielectric is air, the sensor serves has a fluid-level sensor. The two portions of the capacitor act as parallel capacitors since they share the same electric field. The sensor capacitance, 
There is a unique frequency, ω , for any level that is bounded by two extrema, U ω and L ω . Supplying power to the sensor and acquiring the measurement from the sensor can be done using the method discussed in the previous section. The measurement acquisition method can be used to acquire measurements from multiple sensors. When other fuel-level sensors are placed within the same reservoir, each sensor can be distinguished by designing the frequency range,
, of the sensors so that they do not overlap. Designing the frequency range can be done by selecting capacitor and inductor physical dimensions.
The first derivative of Eq. (3) with respect to the interface level, z , can be used to understand how the physical properties of the sensor affect measurement sensitivity. The derivative is
The terms in the first bracket are those that would be primary design parameters. These terms are of order O(-1/2). The measurement sensitivity increases with decreased inductance, plate width and plate length. The sensitivity increases with increased electroplate separation. The sensitivity also increases with a larger difference in dielectric values. The terms in the second bracket are of order O(-3/2). The first term is dependent upon the dielectric of the upper substance. The second term is dependent upon the difference between the dielectric values and what fraction of the sensor is exposed to the fluid. The sensitivity is dependent upon the dielectric interface level and is variable between two extrema. The extrema occur when the sensor has no exposure to the dielectric and when the sensor is completely exposed to the dielectric. Eqs. (3) and (4) are applicable for sensors whose capacitor electric fields approximate being evenly spaced and are not dominated by having electric field lines fringing at the edges. The effect of fringing will be more pronounced as the size of either the width and length are near or less than the plate separation. Eqs. (3) and (4) also do not account for any parasitic inductance or capacitance in the sensor.
Measured Sensor Response Frequency to Dielectric Immersion Level
The previous sections discussed a non-contact method of powering an inductive-capacitive circuit and how such a circuit could be developed to measure a fluid level. This section will discuss results of measuring fluid level using two sensor designs. The first design consists of two Bakelite strips at a fixed separation with respect to each other. Copper foil is adhered to the two strip surfaces facing each other. Non-conductive washers are placed between to the strips to maintain a fixed separation. The strips are electrically connected to a square spiral inductor with an inductance of 49.8 μH. The first magnetic field response fluid-level sensor is shown in Fig. 5 . The sensor was designed to allow its geometry to vary. Capacitor plate spacing could be changed by the number of washers used. Copper foil was used to allow the plate length and width to be progressively cut away to reduce the sensor area.
The capacitor was placed in a graduated cylinder while the inductor remained outside the container. The container was filled with transmission fluid (dielectric constant of 2.2 at 27 deg C). As the fluid filled the void between the plates, the dielectric exposure increased proportional to fluid immersion thus changing the sensor's resonant frequency. Combinations of capacitor plate widths and lengths used are shown in Table 1 . Three measurements were performed for each combination. Capacitor plate spacing was fixed at 0.32 cm. Fluid level was increased using 13 mm increments. During each measurement, the interrogation antenna was maintained at a fixed distance from the sensor inductor. The results of response frequency variations with fluid level are shown in Fig. 6 for the capacitor geometric combinations given in Table 1 . The measurement sensitivity decreased with increasing length for the same value of width and increased with increasing width for the same value of length. Because of the sensor geometry (i.e., the sensor width being equal to or less than the capacitor plate spacing), electric field fringing at the edges influenced the measurements and sensitivity of the sensor. Length Table 1 Sensor frequency response sensitivity to length and width Because sensor response is based upon the amount and type of dielectric material placed within the capacitor's electric field, the sensor is capable of measuring the level of any fluent substance. In the design shown in Fig. 5 , any non-conductive dielectric would produce a similar set of the sensitivity curves shown in Fig. 6 . The measurements presented thus far were those of a viscous liquid.
The second wireless fluid-level sensor developed is shown in Fig. 7 . A flat 7.62 by 6.35 cm spiral 45μH inductor is placed in a housing. Both are mounted on top of a capacitor frame. The inductor is electrically connected to two capacitor plates each with lengths of 25.90 cm. Plate separation is 0.32 cm. The inductor housing protects the inductor from its environmental and potential damage. Both the inductor housing and the capacitor frame are made of Ertalyte® PET-P which is developed by Quadrant Engineering Plastics. The plastic has dimensional stability, high strength, resistance to moderately acidic solutions and continuous service temperature of 210°F (100°C). It can be used in cryogenic environments and is capable of sustaining high loads and enduring wear conditions. Ertalyte has good chemical and abrasion resistance. Furthermore Ertalyte has low moisture absorption that enables mechanical and electrical properties to remain virtually unaffected by moisture. Also shown in Fig. 7 is a magnetic field response recorder. During the interrogation of a sensor, the antenna shown need not be in contact with the sensor or its housing.
Liquid nitrogen, a powder, and a granular substance were chosen to demonstrate the capability of the sensor and the interrogation system shown in Fig. 7 for measuring different fluent substances. Liquid nitrogen is non-viscous and cryogenic. Repeated measurements of liquid nitrogen level demonstrated potential use for the sensor in other liquid cryogens like liquid oxygen and hydrogen. Liquid nitrogen has a dielectric constant of approximately 1.4. A dewar and the sensor are shown in Fig. 8 , along with the antenna that was placed on top of the inductor housing to maintain a constant separation with respect to the inductor. The antenna is connected to a magnetic field response recorder (Fig. 7b) via the cable connected to the antenna. The funnel was used to assist in replenishing the liquid nitrogen level. Replenishment was necessary due to outgassing. During testing, the sensor was placed in a full Dewar of liquid nitrogen and then removed at increments of 1.3 cm. At each increment, the sensor was interrogated. Once completely removed, the sensor was immersed into the Dewar in 1.3 cm increments. Two sensors (0.32 cm and 0.63 cm width plates) were tested. The tests were repeated at minimum of three times for each sensor.
Results of testing the sensors with the Ertalyte inductor housing and capacitor frame are shown in Fig. 9 . Total immersion of the sensor capacitor plates into the liquid nitrogen were approximately 16 cm. Three immersion and removal cycles are shown for each sensor. The difference between the maximum and minimum values for any specific level for all three cycles were less than or equal to 0.05 MHz which was equivalent to 14% error. Between tests, it was necessary to replenish the liquid nitrogen level because of outgassing. In some cases, the level had been reduced by 1.3 cm. Hence, the error can be mostly attributed to reduction in the total liquid level due to outgassing during the testing. These preliminary tests demonstrated that the sensors are capable of measuring liquid cryogens.
The other fluent substances measured were sugar (dielectric constant of 1.5-2.2) and ground corn (dielectric constant of 2.3-2.6). The ground corn was used to demonstrate that the sensor could be used for granular-type substances whose size would not prevent them from being placed between the capacitor plates. Similarly, cane sugar was used because it was a fine powder.
Results of measuring the various dielectrics (sugar, liquid nitrogen, ground corn and transmission fluid) are shown in Fig. 10 . The sensor, Fig. 7 , with the 0.32 wide electroplates was used for all measurements shown in Fig. 10 . The measurement curve for liquid nitrogen is at a higher initial value than that of the other substances due to its lower temperature. The approximate slope is larger for substances of higher dielectric constant. The curves corroborate the measurement sensitivity given in Eq. (4).
Method of Acquiring Fluid-Level Measurements in Harsh Environments
The previous section presented measurement results that demonstrated that the measurement method presented in this paper is viable to many fluent substances. In this section, a sensor design is presented that extends the functionality of the previous designs to that of facilitating the measurement of substances (e.g., acid) that would normally destroy electronic circuitry or measurements within environments that are capable of destructing many electronic circuits (e.g., high temperature, caustic, etc.) The sensors presented in this paper and the method for powering them and interrogating them allow the sensors to be completely encased in materials that are resilient to the aforementioned environments. In essence, a fluid-level sensor can be produced that does not require any of its electrical components to be in physical contact with the substance that is being measured. For example, the encasing material could be a plastic chemically resilient to acids; a material capable of sustained cryogenic exposure for liquid nitrogen, hydrogen, helium or oxygen; a material of low thermal conduction for molten metals; or, containing a large number of hydrogen nuclides for radiative environments. The design shown in Fig. 7 demonstrated that the inductor could be encased and if necessary hermetically sealed. The entire sensor could be encased and hermetically sealed to prevent any degradation to sensor due to exposure to caustic gases. This section extends the analysis presented in the section "Method of Acquiring Fluid-Level Measurements" to examine how the sensor's magnetic field response is influenced by encasing material thickness and dielectric constant. The other sensor parameters previously discussed (inductance, capacitor plate spacing, length and width, and the dielectric properties of the fluent substance being measured) are included.
Two capacitor plates encased in a material with dielectric constant, case κ , are shown in Fig. 11 .
The sensor shown in Fig. 7 could be modified such that its electric plates are encased as shown in Fig 11 thereby having the entire sensor encased. Similar to Eq. (1), the capacitance, ) (z C e , is dependent upon the dielectric interface level, z , and is the summed capacitance due to exposure to both dielectric substances (e.g., air and gasoline). However, the capacitance is also dependent upon the casing dielectric properties and thickness. To understand the influence of the capacitor casing, it is necessary to know the electric field in the encasing material and the fluid. Refs. 1 and 2 provide detailed discussions of electric fields and capacitance. The portion of Fig 11 having the fluid is shown in Fig. 12 . Fig. 12 only shows the plates and the dielectrics between the plates. The casing material affixed to the outside surface of the plates does not influence the measurement response because the electric fields are only within the plates. The two plates are shown with the left plate having a charge of q + and the right plate having a charge of q − . The electric field when no dielectric is present is
The charges, q + and q − , are produced from the electromotive force produced as result of the oscillating magnetic field generated by the antenna. The area, A , is the product of the capacitor width, w , and the length, z , of the portion of the sensor exposed to the fluid. An encasing material of thickness, case d , and dielectric constant, case κ , is placed on each capacitor plate within the electric field. Because the material is dielectric, the electric field, 0 E , produces polarized charges q′ + and q′ − that are distributed on the outer surface of the encasing material.
These charges are shown in Fig. 12 . The electric field between the plates, 0 E is reduced within the material proportional to the dielectric constant. Within the encasing material the electric field, case E , is The inductor can be placed within the same housing as the capacitor so that the completed circuit is contained within one housing.
When the capacitor gap is completely filled with fluid, the sensor response frequency is the lower bound of its frequency range and is The response frequency when the sensor is completely empty is the upper bound of its frequency range and is
To understand the influence of the casing on the measurement, one must examine the capacitance of Fig. 12 as the casing thickness diminishes (i.e., the limit for e C as 0 → Figs. 4 and 11 is air. The effect of the casing is that the sensor's resonant frequency range will be shifted. The amount of the shift is dependent upon the casing thickness and material. Similar to the previous design, the sensor's resonant frequency will vary with the amount of capacitor plate area exposed to the fluid. Therefore, a sensor with its electrical components (inductor, capacitor and electrical connections between them) could be completely encased. The encased sensor can receive power via Faraday induction and produce a magnetic field response whose frequency is dependent upon fluid level.
Effect of Residual Viscous Film on Sensor Measurement
Many viscous substances leave a film residue on the electroplates when removed. When use of the sensor prevents cleaning between measurements, it is necessary to know the effect that dielectric residue has on measurement error. This section will discuss how the sensor response is affected by any residue left on a sensor after a measurement. 
The latter extrema is that which can be used to determine the effect of the dielectric film. Using the latter extrema, the voltage across the electroplates is
Thus, the film has a negligible effect on the voltage across the electroplates and the capacitance across the plates. The sensor in Fig. 5 was used to measure the effect of residual fluid. Results of the effects are summarized in Table 2 . Capacitor geometry was maintained at 22.86 cm by 0.32 cm. Two plate separations were used. The plate separation for the first configuration was 0.46 cm. The sensor was completely immersed in transmission fluid and then completely removed from the fluid with a film remaining. The frequency was measured to be 6.58 MHz. After the plates were wiped clean, the frequency was measured to be 6. Table 2 Frequency error from residual fluid.
Concluding Remarks
A fluid-level sensor and measurement acquisition system have been presented that allow the level measurement of any substance that can be placed within capacitance plates. The method of applying power to the sensor, a capacitor-inductor circuit, and acquiring the measurement is done without physical contact to a power source or to data acquisition equipment. The measurement acquisition method uses a series of sequential magnetic field harmonics. For each harmonic, the system transmits a harmonic magnetic field that produces current in the sensor via Faraday induction. Once electrically active, the sensor produces a magnetic field. The response frequency of the magnetic field is dependent upon the amount of sensor capacitor surface area exposed to the dielectric substance. The measurement system switches from transmitting a harmonic magnetic field to receiving the magnetic field produced by the sensor. The amplitude of the received response is compared to previous responses to ascertain if the measurement system has detected a response inflection. The "transmit-receive-compare" of sequential harmonics is repeated until the inflection is identified. The harmonic producing the amplitude inflection is the sensor resonant frequency.
Analytic models for sensor design and sensor sensitivity to key design parameters were presented. The models were developed for two stratified dielectrics. The parameters included sensor geometric properties and fluid dielectric properties. The models will allow designers to create desired sensor sensitivity and frequency range. The sensor resonant frequency corresponds to the interface of the two stratified dielectric fluent substances such as fuel and air.
Measurements of various substance levels were presented to demonstrate the functionality of the sensor. The substances dielectric properties were constant. Results of using two sensor designs were presented. One sensor was designed to allow its geometry to be varied to quantify measurement sensitivity to sensor geometry. The sensor design demonstrated that capacitor plates could be fabricated from copper foil and potentially from using metal deposition methods. Metal deposition techniques will result is sensors of lighter weight. The other sensor design was used to demonstrate the range of substances that could be measured. Its material properties were resilient to cryogenic temperatures and petroleum. The substances measured were a viscous liquid, a non-viscous cryogenic liquid (nitrogen), a powder and a granular substance. Measurements of liquid nitrogen fluid level demonstrated the potential for using fluid-level sensors of similar designs for other liquid cryogens such as hydrogen or oxygen.
A conceptual model demonstrated that measurements could be acquired without the sensor's electrical components being in physical contact with the dielectric substance that is being measured. Measurement applications could include caustic fluids or measuring substances in environments that could destroy electrical components. This was achieved by completely encasing all sensor components. The capacitors plates can be encased in a material that is resilient to the dielectric for which it is to be immersed. The encasing material could be a chemically resilient plastic for acids, a material capable of sustained cryogenic exposure for liquid nitrogen, hydrogen, helium or oxygen, a material of low thermal conduction for molten metals or containing a large number of hydrogen nuclides for radioactive environments. The measurement acquisition system is capable of providing power to the sensor and acquiring the measurement from the sensor while it is completely encased. A thin dielectric can be placed on the capacitor plates with negligible change to the sensors overall capacitance. The casing shifts the frequency range. Results presented in this paper have demonstrated that the inductor can be encased and if necessary hermetically sealed. Therefore, the entire sensor could be encased and hermetically sealed.
The effect of residual viscous fluid on measurement error was also presented. The error was demonstrated to be negligible for very thin films. Measurements using two plate separations were used to quantify the effect of residual fluid. For each configuration, the sensors were immersed in transmission fluid and then removed. The sensor frequencies when removed from fluid were compared to the frequencies measured after the sensor was wiped clean. The difference in frequency was the measurement error as a result of the residual fluid. The maximum measurement error for both configurations was 1.07 cm for the sensor having a length of 22.86 cm. The error is that of the sensor not immersed in fluid. Once the sensor is partially immersed in the fluid, the effect of the residual fluid is negligible. The results demonstrated that the capacitance is altered slightly but the error is acceptable for many applications when indications and warnings are the objective of the sensor (e.g., tanks storing hydraulic fluids). 
